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study by Small Angle Neutron Scattering.
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The influence of Twin Boundaries (TB) on the Flux Line Lattice(FLL) structure was investigated
by Small Angle Neutron Scattering (SANS). YBaCuO single crystals possessing different TB den-
sities were studied. The SANS experiments show that the TB strongly modify the structure of the
FLL. The flux lines meander as soon as the magnetic field makes an angle with the TB direction.
According to the value of this angle but also to the ratio of the flux lines density over the TB
density, one observes that the FLL exhibits two different unit cells in the plane perpendicular to the
magnetic field. One is the classical hexagonal and anisotropic cell while the other is affected by an
additional deformation induced by the TB. We discuss a possible relation between this deformation
and the increase of the critical current usually observed in heavily twinned samples.
PACS numbers: 61.12.Ex, 74.60.Ec, 74.60.Ge, 74.72.Bk.
INTRODUCTION
The role of the twin boundaries (TB) on the Flux Lines
Lattice (FLL) behavior in YBaCuO was the subject of an
intense activity ten years ago. Nevertheless, most of the
results from the different experiments remain question-
able due to the difficulty in isolating the effective role of
TB. The growth of untwinned single crystals has recently
allowed to clarify this point, especially from neutron scat-
tering experiments [1]. Among the different techniques
sensitive to the interaction between flux lines and TB,
transport measurements are very popular. The vortex
flow properties are observed to be anisotropic with re-
spect to the TB directions, but since TB act as coherent
barriers for electronic transport even in the normal state
[2], it is not a genuine pinning effect. It is nevertheless
quite clear that TB influence also pinning. The critical
current Ic can be measured as a function of the angle θB
between the −→c axis of the crystal and the applied field−→
B . In most of the superconductors, generally untwinned,
θB = 0 is a position where Ic is minimum. On the other
hand, a maximum is observed in twinned YBaCuO sam-
ples, for moderate magnetic field and temperature values
[3]. This pinning effect has been described by different
authors [4] [5] [6]. Even if the FLL elasticity models used
to interpret the data are different, the main idea is that
the direction of TB is a direction along which the flux
lines gain energy. The exact calculation of this energy
gain is still an open and difficult question. The reason
is that it depends on the detail of the TB structure, as
their concentration in oxygen vacancies for example. An-
other possible explanation, compatible with experimen-
tal data [7][8], is to assume that the TB are acting as
internal surfaces and that the pinning effect is merely
like a surface screening effect. Some of the theoretical
predictions are the following: For low θB, it can be more
favorable for flux lines to move away from the direction
of
−→
B and to stay along the TB. This corresponds to a
so called ”locked state”. Increasing again θB causes a
meandering of the flux lines around the main direction
of
−→
B . A clear experimental confirmation of such effects
necessitates to observe these FLL deformations using vi-
sualization techniques. For instance, Scanning Tunneling
Microscopy have shown a clear alignment of the vortices
in rows along the TB [8]. Different studies at low fields
were also published, using magneto-optic and Bitter dec-
oration techniques [9] [10] [11]. It was shown that the
magnetic flux penetrates more easily along the TB than
perpendicular to them, and some information on the sym-
metry of the flux lines emerging from the surface has been
evidenced. A limit of these experiments is that they do
not give information about the FLL order in the bulk of
the samples.
To obtain complementary information and to reveal
distortions effects possibly caused by the TB, it seems
highly desirable to use a method that study the FLL
structures within the sample interior itself. Small Angle
Neutron Scattering (SANS) provides this possibility and
was used by few groups in twinned YBaCuO [12] [13]
[14].
The neutron diffraction pattern presents a fourfold
symmetry when the field is applied parallel to the c-axis.
The first interpretation was that this peculiar structure
would arrive as a consequence of a dx2−y2 wave func-
2tion [13]. It was proposed that the combined effects of
the (−→a ,−→b ) planes anisotropy and of the orientation due
to the TB provides a more natural explanation [12] [15]
[16]. This second approach was confirmed by more recent
measurements in quasi-untwinned crystals [1]. Another
result was that the directions of the flux lines are influ-
enced by the TB directions even when the field is tilted
from the c-axis, with eventually a splitting into two lat-
tices [1]. Despite this good deal of progress and because
these experiments were more devoted to the understand-
ing of the intrinsic symmetry of the FLL, there is still
a lack of detailed knowledge of the TB influence on the
FLL.
We present in this paper a SANS study of the interac-
tion between the TB and the FLL. We have investigated
several crystals of YBaCuO possessing different TB den-
sities. Due to the large magnetic penetration depths in
the cuprates (about two or three times that of pure Nio-
bium for example), the scattering due to the FFL is very
small. On the contrary, the small angle diffusion signal
due to the TB themselves exhibits much higher intensity,
that leads to a highly unfavourable ratio FLL signal over
background noise. That makes the overall experiment
times consuming, and ”only” three single crystals have
been investigated. This study reveals nevertheless that
the FLL adopts some systematic behavior.
EXPERIMENTAL
In YBaCuO, TB are symmetry planes formed at the
tetragonal to orthorhombic transition along the < 110 >
and < 110 > directions, the symmetry operation being a
mirror plane that interchanges crystallographic−→a and −→b
axis. We have studied three samples prepared either by
Top Seeding Growth (TSG) or Melt Texturing Growth
(MTG). They were chosen because of their large size, re-
quired for such SANS experiments (m ≥ few g). Two
TSG samples are coming from MATFORMAG [17] in
Grenoble (sample I and III), and the MTG sample is
coming from the CRISMAT Laboratory in Caen (sample
II) [14]. The Tc were about 92K after a week of anneal-
ing under pure oxygen. The samples were studied by
high resolution electron microscopy to determine the av-
erage distance between TB. The results were 25 nm for
sample I, 50 nm for sample II and 57 nm for sample III
(Fig. 1). The size of the twinned domains is large (few
microns). However, in a macroscopic sample, both orien-
tations (110) and (110) of the planes are observed. The
nature itself of the TB can be also very different accord-
ing to the sample preparation, ranging from very clean
and thin TB to very dirty ones of few nm wide with a
lot of punctual defects and oxygen vacancies. The SANS
measurements were carried out using the PAXY instru-
ment at the LLB (Saclay, France). The magnetic field
was 0.2T or 0.5T. The neutron wavelength was λn = 10A˚
or λn = 15A˚ (δλn/λn ≈ 10 %) depending on the spacing
of the Bragg planes formed by the flux lines. The in-
cident beam divergence was about 0.15◦. As previously
noted [12], the Bragg peaks in such samples were found
large enough to fulfill Bragg conditions and to illuminate
the 2D detector without performing complete ω rocking
curves. Let us define θB as the angle between the applied
magnetic field and the crystallographic c-axis, and ψ as
the angle between the magnetic field and the c-axis (Fig.
2). The rotation axis is (110).
For the SANS study, the neutron beam was first
aligned with the magnetic field and the c-axis with an
accuracy of about 0.1 degree, by observing the (strongly
anisotropic) diffusion along the TB and perpendicular to
the c-axis in the normal state. The scattered neutrons
were collected by a XY multidetector (128 × 128 cells
of 0.5 × 0.5 cm2) located at a distance of 7 m from the
sample. The diffraction patterns were taken at 4.2 K, af-
ter a field cooling process. The background was recorded
for all patterns at 100 K in the normal state, with the
magnetic field inside the sample. In YBaCuO at a low
temperature, the critical current is strong enough to keep
the applied magnetic field in the sample even after its
removal. Some patterns were recorded in this remanent
mode, for experimental convenience. We observed no dif-
ference between the data recorded following this method
or with the magnetic field applied during the measure-
ment.
RESULTS AND DISCUSSION.
SANS patterns: general points
For the three samples, the FLL diffraction patterns al-
ways exhibit distinct Bragg peaks, characteristics of long
range order. Twin boundaries are extended defects. High
resolution microscopy allows us to know that they are
spaced by an average value 〈d〉, with a broad distribu-
tion around this value (∆d〈d〉 ≈ 80% for the sample III, as
shown in Fig 1). Nevertheless, the position of the ob-
served Bragg peaks is fixed in the reciprocal space by
Q= 2pi
a0
(a0 is the spacing between flux lines given by the
applied magnetic field value). This was observed even
for a FLL that is dilute compared to the TB density.
Moreover, contrary to the diffraction ring observed in
polycrystalline samples, the peaks are resolved in the az-
imuthal direction (orientational order). The long range
order of the vortices appears strong enough to resist to
the localization that such numerous and extended defects
could induce. The analogy with a glassy state, such as
”Vortex Glass” or ”Bose Glass” whom signature would
better be a ring of scattering, appears thus not so ade-
quate here.
3The interaction between the FLL and the TB
Let us first discuss the measurements made on the sam-
ple III for which the main spacing between TB is 57 nm
(Fig. 1). The applied magnetic field is 0.5 T, so as to
reach a flux lines density nearly equal to that correspond-
ing to the TB density. Fig. 3 exhibits typical diffraction
patterns obtained after the background subtraction, in
the configuration θB = ψ and for various angles θB. For
large enough angles θB >∼ 10 deg, the diffraction pat-
tern looks like a classical pattern given by an hexagonal
lattice, but with a distortion imposed by the anisotropy
between the (−→a ,−→b ) plane and the −→c -axis. One can no-
tice that the two vertical spots are more intense. As
the scattered intensity scales as 1
λ4
with λ the London
length, all Bragg peaks are not of equal intensity in an
anisotropic superconductor. The vertical Bragg peaks
are intrinsically more intense because they correspond to
the direction where λ is small. This effect can be re-
inforced by the good alignment of the flux lines along
the (110) TB family. For θB = 0 deg, the pattern is
very peculiar, as already pointed out by several authors
[13][12][15][16]. In addition to the two vertical spots, two
horizontal spots of strong intensity are obtained. These
four spots are arranged along the two TB directions (110)
and (110): it is thus natural to assume that they reveal
the alignment of vortices along the TB and that vertical
and horizontal directions are equivalent by symmetry. In
addition, it appears that some spots, at an apex angle
β ≈ 47(±2)deg from the vertical ones, are less defined.
This observation was first made in [12] and [13]. In order
to interpret this value, Forgan et al. have proposed to
take into account both the orientational effect of the TB
and the in-plane anisotropy of the magnetic penetration
depths [15]. The peculiar value of the apex angle can be
attributed to an (a,b) anisotropy of λa
λb
≈ 1.3 [16], which
is indeed observed for good oxygenated crystal [18]. Fol-
lowing the same idea, we can also try to interpret the
present pattern. The (a-b) anisotropy imposes a mono-
clinic unit cell. Due to the symmetry operation of the
two TB families, there is a sum of four monoclinic cells
differently oriented (two orientations in each twinned do-
main). There is nevertheless a notable difference between
what we observe and the patterns observed in [13] and
[12]. This is evidenced in the first pattern of Fig. 3 where
one spot of each domain is apparently missing. As the
orientation of one unit cell is not intrinsic but rather due
to its interaction with the TB, we think that the mag-
netic form factor of the vortices can be also modified in
the same way that it is modified by an image effect due
to a non superconducting surface (the Bean-Livingston
barrier [19]). As a consequence of this reasonable as-
sumption, the supercurrent distribution surrounding the
vortices is perturbed by the TB and the barrier effect
stretches out the supercurrent loop in the direction of
the TB (fig.4). It explains why the intensity of the spot
named q1 in the fig.4 is very low and that this spot is not
observed. We emphasize that, contrary to [12] and [13]
who worked at much higher magnetic field, our experi-
ments employed a density of flux lines comparable to the
TB density. Such boundary-like effects are less expected
at high field where supercurrents largely overlap.
In the case of a conventional FLL with straight flux
lines, the reciprocal plane perpendicular to the mag-
netic field is the only one that contains Bragg peaks. In
twinned YBaCuO, diffraction peaks appears also out of
this plane as soon as θB differs from zero [12][14]. This
plane is the one perpendicular to the c axis of the crystal
(fig.5) and exhibits spots that are along the direction of
the (110) TB family. They are very intense, comparable
to the vertical ones. In order to explain the existence of
these additional peaks, a possibility is that the FLL is
locked along the direction of the TB (the locking phase)
and does not follow the applied magnetic field anymore
[4] [20]. But in this case, any Bragg peak is expected in
the plane perpendicular to the magnetic field contrarily
to what is observed in Fig. 3. It was also proposed that
the extra peaks correspond to the diffraction pattern of
two FLLs pinned by the TB, while another FLL follows
the magnetic field to give the distorted hexagonal pattern
presented in fig.3 [12]. In such a case, the peaks observed
in the two different planes are coming from two different
unit cells and a special relationship between them is not
expected [14]. As we will describe now, we rather ob-
served a clear relationship between the two families of
Bragg peaks and a model treating these peaks as coming
from the same unit cell fit well with the data.
In fig. 6, we have reported a schematic drawing of the
reciprocal space and defined the peaks, −→q2 for the verti-
cal common to both planes, −→q1 and −→q3 for the others in
the plane perpendicular to the magnetic field, and −→m∗ in
the plane perpendicular to the c axis). The angle β is the
angle between −→q2 and −→q1 in the reciprocal space. Fig. 7 is
a schematic drawing of the equivalent real space. In the
plane perpendicular to the magnetic field B, the hexago-
nal lattice distorted by the anisotropy is represented by a
unit cell with the vectors −→a1 and −→a2. They correspond to
the vectors −→q1 and −→q2 in the reciprocal space. The third
vector of interest is −→q3 = −→q1 − −→q2 , and is hence a vector
of the lattice. In order to interpret the presence of the
spots located at ±−→m∗, we have assumed that the vortices
meander along their axis to keep a part aligned with the
TB, as suggested in the theoretical models described in
the introduction of the paper. Let us call −→p the vector
representing the periodicity of this modulation along the
direction of B. A direct observation of −→p∗ (perpendicu-
lar to B) is really difficult because of the non magnetic
scattering which is very intense in this direction. Never-
theless, one can expect to observe a combination of −→q1 ,−→q2 and −→p∗. The diffraction spots located at ±−→m∗ indeed
correspond to one of such combination: −→m∗=−→p∗+2−→q1-−→q2 .
4We have also to understand why these peaks are really
intense (even certainly the most intense) and are those
observed. A natural explanation is obtained if one con-
siders the Fourier-transform of the flux lines form fac-
tor. As λab < λc and as the diffracted intensity scales
as λ−4, the form factor ”shape” looks like a plane con-
taining the c-axis and perpendicular to the (
−→
B ,−→c ) plane.
The Fourier transform of this plane is a single line being
situated in the (
−→
B,−→c ) plane and perpendicular to the−→c -axis. Then, the main part of the scattered intensity is
along this line, that indeed contains −→m∗.
This simple model of meandering vortices allows to ex-
plain qualitatively the existence of the Bragg peaks which
are observed on the two different planes of the reciprocal
space. They are moreover some quantitative predictions
which can be tested. First, in the case of a single FFL
which can be described with a unique unit cell, the angle
β can be related to θB using Kogan
′
s scaling law [21]:
tanβ =
√
3
R2
, R =
√
cos2θB + γ−2sin2θB (1)
In fig.8, we have reported the variation of β as a func-
tion of θB and compared it to this equation. The agree-
ment is very good down to a critical angle θBcri of about
10 degrees. The electronic anisotropy extracted from the
fit is γ = 4.7 ± 1.5 for the sample III, which is a little
smaller than the most common values (5-10) obtained by
transport or torque experiments but in good agreement
with previous measurements using SANS [12]. But one
has to note that compared to indirect methods, SANS di-
rectly probes the anisotropy of the bulk London lengths.
The model of the flux lines meandering [14], using sim-
ple geometrical arguments, makes a prediction on the ra-
tio −→m∗/−→q2 ,
m∗
q2
=
a2sinβcosθB
a0
=
√
3
2√
1 + ( tanθB
γ
)
2
(2)
The agreement between the experimental data and this
model is promising (see fig.8), again down to an angle of
about θBcri ≈ 10deg. One can notice that this agreement
extends at least up to θB = 60 deg, which could signify
that the meandering of vortices is present even for very
large angles θB. If one uses previous data obtained by De-
lamare et al. [14], who made same kind of measurements
on two different YBaCuO samples, we can apply the same
model and we obtain different critical angles θBcri (Fig.
9). For the sample I, θBcri is more than 60 degrees and
about 40 degrees for the sample II. Keeping in mind that
the main spacing between TB was 25 nm in sample I
and 50 nm in sample II, this shows that the value of the
critical angle increases when the TB density decreases.
It is worth noting that the TB density is not the unique
structural difference between the three samples. Electron
microscopy studies reveal different types of defects in the
samples, such as BaCeO3 inclusions and non supercon-
ducting ”green phase” (Y2BaCuO5) of few microns size
in the MTG sample (sample II) that are not present in
the samples I and III. Beyond the presence of those dif-
ferent defects, the direction and the distance between TB
seem to be the relevant parameter that controls the FLL
structure in such YBaCuO samples, at least as far as the
resolution of a SANS experiment is involved. Extended
defects, which can act as internal surfaces or barriers for
the vortices, are indeed much more efficient than smaller
defects particles for perturbing the FLL structure. To
change the ratio of the flux lines density over the TB
density, it is also possible to change the value of the mag-
netic field. We have chosen a value of 0.2T to increase
the distance between the flux lines. A comparison of the
variations of β as a function of θB for sample III is re-
ported in fig.10. The critical angle is higher than for a
magnetic field of 0.5T and is above 35 degrees. It shows
again that the critical angle is larger when the ratio of
the flux lines density over the TB density is lower.
In conclusion of this part and as summarized in fig.
11, θB > θBcri corresponds to a state where the FLL
can be described with a unique anisotropic unit cell, but
where the flux lines are also meandering around their
mean direction. Such analysis breaks down for θB <
θBcri, with θBcri determined by the ratio of the flux lines
density over the TB density.
The distorted state
Let us now discuss the nature of the FLL state which
is observed for 0 < θB ≤ θBcri. First and surprisingly,
looking carefully at the patterns obtained with the neu-
tron beam along the magnetic field, it is observed that
the relationship −→q1 = −→q2 + −→q3 does not hold anymore.
It follows that all the spots do not belong to the same
cell. Another sign of a change in the FFL structure can
also be evidenced on fig.8 by the simple fact that β does
not follow the equations (1) anymore, but takes a rather
constant value of 47 degrees from θB = θBcri down to
θB = 0. Now if one introduces this value in the calcu-
lation of m ∗ /q2 (equation (2)), the agreement with the
experimental data is rather good (see fig. 9). This test
is important because it shows that we can continue to
apply the model of flux lines meandering, even if a de-
scription using a unique unit cell is no more appropriate.
We note that the value of β is not changing when θB de-
creases. It is likely that the interpretation proposed when
θB is strictly zero is still valid. A fourfold symmetry is
observed when θB=0, that was previously interpreted as
coming from the sum of four monoclinic domains with
one peak turned off in each cell. As soon as θB moves
away from zero, the degeneracy between the two fami-
5lies of FFL breaks down. This is because the (110) TB
family is not perpendicular to the diffraction plane any-
more and that one symmetry element has vanished. We
observe then a sum a two monoclinic domains, with one
spot missing in each domain. This leads to the pattern
as we observe.
Finally, let us discuss a possible consequence of this
FLL deformation for the value of the critical current.
It is usually observed that heavily twinned samples dis-
play stronger critical currents than untwinned ones for
an angle (
−→
B ,−→c ) < θcr and at low field. The break-
down of the collective pinning regime and the crossover
to strong pinning of single vortices in the twin boundaries
can be involved. Another possibility is that TB are in-
terfaces which are favouring the development of shielding
currents. The observed distortion of the FLL for small
θB angles, that we interpret with the deformation of the
local magnetic field distribution, looks more consistent
with this second interpretation. This is also in agree-
ment with the very high currents measured along the TB
by Maggio et al [8]. Following this idea, the TB have
to be considered as normal planes along which flows a
surface-like current. At the scale of the sample, this can
correspond to an important critical current. It has been
shown that the strong FLL distortions induced by the
boundaries are screened in a healing length λv [6], com-
ing from the non-local elasticity of the flux lines array.
For not too large angles, its order of magnitude is given
by ao perpendicular to the flux lines [7], i.e. ao.cosθ per-
pendicular to the TB. When ao.cosθ approaches < d >,
the FLL distortions are affecting the whole FLL. One
can thus take as a first approximation and as a criteria
ao.cosθ >∼< d > for the beginning of strong FLL defor-
mation. This simple expression approximates reasonably
well the experimental data (Fig. 11).
It is worth noting that such distortions effects are ob-
served at low fields in heavily twinned samples. They are
not to be confused with FLL symmetry change, from tri-
angular to square lattice, which have been very recently
observed in YBaCuO at high fields and possibly coming
from d-wave character of the order parameter [22].
CONCLUSION
In conclusion, a neutron diffraction study of the effect
of the twin boundaries density on the Flux Lines Lat-
tice in YBaCuO has been presented. We observe that
the FFL moves away from its ideal behavior in two ways.
Flux lines meander around the main direction of the ap-
plied magnetic field to keep a part along the TB. The
resulting kinks display a long range order, despite the
disorder of the TB at the scale of the sample. Further-
more, two different FLL structures are observed accord-
ing to the angle θB between the magnetic field and the−→c -axis, depending on the ratio of the TB density over
the flux lines density. At small angles, the FLL struc-
ture is distorted. This is interpreted with an elongated
surrounding supercurrent around the flux lines, due to
the border effect of the TB. A cross-over at large angle
or at small Flux Lines density towards the more usual
anisotropic structure is observed.
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Figure 1: Determination of the distance between the
twin planes from high resolution electron microscopy in
the YBaCuO sample labeled III in this article. The num-
ber of twin planes counted on the picture is plotted versus
the domain size.
Figure 2: The orientation of the twin boundaries with
respect to the axis of the crystal and the definition of the
different angles used in the SANS experiment.
Figure 3: Typical diffraction patterns obtained at
B=0.5T and T=4.2K for the neutron beam parallel to
B (ψ = θB) at various angle θB. On the θB = 0 and
θB = 60 deg patterns, the in plane unit cell of the FLL is
also shown. Note that the −→q1 diffraction peak is missing
for θB = 0.
Figure 4: A possible construction of the unit cell for
ψ = θB = 0. Because of the deformation of the current
around the flux lines, the −→q1 peak has a too low intensity
to be observed. The symmetry due to the two TB families
leads to a total of four domains, as observed in the first
pattern of the fig 3.
Figure 5: Typical diffraction patterns obtained for
B=0.5T and T=4.2K for the neutron beam parallel to
the −→c -axis (ψ = 0) at various angle θB.
Figure 6: The schematic diffraction patterns obtained
with the neutron beam parallel to
−→
B and parallel to the−→c -axis at a given angle θB.
Figure 7: A schematic drawing of the real space show-
ing a plane perpendicular to the magnetic field and a
plane containing
−→
B and −→m, in the case of the FLL sym-
metric state.
Figure 8: The θB dependence of the angle β and the
ratio m∗/q2 for B=0.5T and T=4.2K. The solid lines are
the fits using the model of flux lines meandering in the
case of the symmetric state (equation (1) and (2)). Note
the cross-over at θB = θBcri ≈ 10 deg.
Figure 9: The θB dependence of the angle β and
the ratio m∗/q2 (B=0.5T and T=4.2K) for the different
YBaCuO samples. The solid lines are fits using equa-
tions (1) and (2) for the ”symmetric” state. The dashed
line is the fit putting β ≈ 47 deg in the equation (2)(the
”non symmetric” state). Note the increase of the critical
angle for the samples with the highest TB density.
Figure 10: Comparison between the θB dependence of
the angle β for B=0.5T and B=0.2T (sample III), show-
ing that the critical angle decreases when the Flux Lines
density (i.e. the magnetic field) decreases.
Figure 11 : Variation of cos(θBcri) as function of the
ratio ao/dtwin. The solid line is a linear fit cos(θBcri) =
1.18(dtwin/ao)(±0.10), that is close to the criteria ex-
plained in the text cos(θBcri) = (dtwin/ao). The dashed
part of the graph corresponds to the deformed FLL
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